Incorporation of silver nanoparticles (AgNPs) in toothpaste, food containers, dietary supplements and other consumer products can result in oral exposure to AgNPs and/or silver ions (Ag + ) released from the surface of AgNPs. To examine whether ingestion of AgNPs or Ag + results in genotoxic damage and whether AgNP coatings modulate the effect, we exposed mice orally to 20 nm citrate-coated AgNPs, polyvinylpyrrolidone (PVP)-coated AgNPs, silver acetate or respective vehicles at a 4 mg/kg dose (equivalent to 800x the EPA reference dose for Ag) for 7 days. Genotoxicity was examined in the systemic circulation and bone marrow at 1, 7, and 14 days postexposure. We found that citrate-coated AgNPs induced chromosomal damage in bone marrow and oxidative DNA damage and double strand breaks in peripheral blood. These damages persisted for at least 14 days after exposure termination. Because oxidative DNA damage and strand breaks are repaired rapidly, their presence after exposure cessation indicates that citrate-coated AgNPs persist in the body. In contrast, PVP-coated AgNPs and silver acetate did not induce DNA or chromosomal damage at any time point measured. To determine whether coating-dependent genotoxicity is related to different AgNP changes in the gastrointestinal tract, we examined AgNP behavior and fate in an in vitro gastrointestinal digestion model using UV-visible spectroscopy and * Corresponding author: Ramune Reliene, rreliene@albany.edu, 1 Discovery Drive, Cancer Research Center Rm. 304, Rensselaer, NY 12144. Phone: (518)-591-7152, Fax: (518)-591-7201. Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. 
Introduction
Silver nanoparticles (AgNPs) are the most commercialized engineered nanomaterial that is used in more than 30% of nanotechnology-enabled consumer products (PEN, 2015) . Due to their unique antimicrobial and antifungal properties, AgNPs are used in personal care products, household items, food contact materials and textile fabrics (Hajipour et al., 2012; PEN, 2015; Tolaymat et al., 2010) . Their unique optical properties are exploited in electronics, imaging, catalysis and biosensing . There are numerous AgNP applications, including everyday items, which can lead to oral exposure to AgNPs and/or silver ions (Ag + ) released from the surface of AgNPs through the process of oxidative dissolution. For example, consumer products, including food storage containers (Echegoyen and Nerin, 2013) , socks (Benn and Westerhoff, 2008; Geranio et al., 2009; Lorenz et al., 2012 ) and children's items (Quadros et al., 2013) have been shown to leach Ag (AgNPs and/or Ag + ) into water or food, drink and sweat simulating solutions. Incorporation of AgNPs in toothpaste and toothbrushes, food and beverage containers, kitchen utensils and dietary supplements can lead to ingestion of AgNPs and/or Ag + . In addition to direct exposures, the use of AgNPs in laundry detergents, textile fabrics and home appliances can lead to environmental contamination, accumulation in soil or water and unintentional ingestion via edible plants or food animals (Blaser et al., 2008) . Thus, the likelihood of exposure to AgNPs is high and gastrointestinal route is a primary route of exposure (Bergin and Witzmann, 2013) .
Physicochemical properties of nanomaterials determine their biological effects. Of particular interest are the effects of nanoparticle surface coating and size. Surface coatings are used to stabilize AgNPs in solution by preventing their agglomeration, oxidation and Ag + release. The effects of AgNP coating and size have been examined on several toxicological parameters, in particular, cell death, oxidative stress and inflammation. Most studies were performed in vitro in cultured cells. In general, the smaller the AgNPs, the greater the effect was observed (Carlson et al., 2008; T. H. Kim et al., 2012; Liu et al., 2010; Miethling-Graff et al., 2014; Prasad et al., 2013) . The effects of coatings have been investigated to a lesser extent. Citrate and polyvinylpyrrolidone (PVP) are two of the most commonly used coating agents (Huynh and Chen, 2011) . Citrate provides electrostatic stabilization, is weakly bound and can be replaced by other molecules. In comparison, PVP stabilizes AgNPs by steric repulsion. It binds very strongly to metal surfaces and provides high AgNP stability in different solutions. Both coatings provide a negative surface charge to the nanoparticle. Studies that comparatively assessed citrate-and PVP-coated AgNPs found that coating, relative to size, has a small effect (Guo et al., 2016) or results were mixed (Prasad et al., 2013; Vecchio et al., 2014) . Only a few studies examined the effect of coating in vivo in rodent animals. Anderson et al. reported that in rats exposed to AgNPs by intratracheal instillation, citrate-coated AgNPs resulted in a greater Ag retention in the lungs and a greater increase in lung macrophages at 21 days post-exposure compared to PVP-coated AgNPs (Anderson et al., 2015) . Bergin et al. examined the effects of citrate-and PVP-coated AgNPs on body and organ weights, histopathology effects and fecal elimination kinetics in orally exposed mice, but did not observe changes in any of these parameters (Bergin et al., 2016) . To date, the toxicological impact of nanoparticle coating is unclear.
While cytotoxic effects of AgNPs have been confirmed in many in vitro studies, understanding of AgNP-induced genotoxicity is limited. The importance of assessing genotoxicity is underscored by the fact that genotoxicity is a strong indicator of delayed i.e. long-term health effects, especially, cancer. Studies that utilized the Ames test measuring point mutations in bacterial stains of S. typhimurium and/or E. coli reported that AgNPs tested negative for mutagenicity in bacteria (Butler et al., 2015; Guo et al., 2016) . The lack of mutagenicity was explained by the inability of bacteria to take up AgNPs (Butler et al., 2015; Guo et al., 2016) . However, AgNPs induced mutagenic and clastogenic effects in mammalian cells as shown by mouse lymphoma and micronucleus assays, respectively (Butler et al., 2015; Guo et al., 2016; Vecchio et al., 2014) . The effects of AgNPs were similar to those of soluble Ag salts (Ag acetate or Ag nitrate), indicating that both AgNPs and Ag + can induce genotoxic effects in cultured cells. In contrast to in vitro studies, animal studies that examined micronucleus formation in response to AgNP exposure reported mixed results (Dobrzynska et al., 2014; J. S. Kim et al., 2011; Y. S. Kim et al., 2008; Kovvuru et al., 2015; Y. Li et al., 2014; Patlolla et al., 2015) . These studies were performed using different routes of exposure (intravenous, oral and inhalation), treatment durations and AgNP doses. In addition, AgNPs with different sizes and surface coatings or without coatings were used. These differences are likely to contribute to different study results. Further studies linking physiochemical properties of AgNPs to a specific genotoxic outcome and route of exposure are needed to understand whether and what kind of AgNPs pose genotoxic and cancer risks.
Our previous study showed that oral exposure of mice at a high dose (500 mg/kg) of PVPcoated AgNPs resulted in DNA damage and genomic instability in multiple tissues (Kovvuru Nallanthighal et al. Page 3 NanoImpact. Author manuscript; available in PMC 2018 January 01. et al., 2015) . The current studies were conducted to understand whether genotoxicity can be induced at a significantly lower dose (4 mg/kg) and whether nanoparticle coating modulates the effect. In addition, to understand whether Ag + are genotoxic in vivo, we also examined the effect of silver acetate (soluble Ag salt that is used as a source of Ag + ). The current studies were performed at a dose equivalent to 800× the EPA oral reference dose (RfD) for Ag (Varner et al., 2010) . RfD refers to a daily chronic oral exposure dose in humans that is considered to be safe, while 800× RfD represents the upper range of potential Ag exposure in humans that is associated with development of argyria (permanent discoloration of the skin) after ingestion of colloidal Ag solutions (Chung et al., 2010; Wadhera and Fung, 2005) . Little is known how much Ag can be received from the use of AgNP-containing consumer products. A study that characterized AgNPs in selected consumer products estimated that oral exposure to AgNPs when drinking milk formula from a sippy cup is 1.53 μg Ag/kg (Tulve et al., 2015) . Significantly higher exposure levels can be anticipated from unregulated use of AgNP dietary supplements and could potentially reach 800× RfD. In addition, irrespective of whether or not human exposure data is available, dose selection in animal studies involves considerations of interspecies differences, in particular, higher susceptibility to toxicants, longer exposure durations and large inter-individual differences in humans versus laboratory rodents. These considerations imply that in order to identify a possible adverse health effect in a small group of animals and translate findings to human populations, doses that are several orders of magnitude higher than human exposure levels are used in animal studies.
In addition to oral exposure studies in whole animals, we examined the behavior and fate of citrate-coated AgNPs and PVP-coated AgNPs in an in vitro gastrointestinal digestion model (Brandon et al., 2006; Versantvoort et al., 2005; Walczak et al., 2013) . We found that citratecoated AgNPs were more susceptible to agglomeration than PVP-coated AgNPs in digestive juices, with or without proteins, and induced genotoxic effects in the systemic circulation and bone marrow. In contrast, ingestion of PVP-AgNPs or Ag + did not result in genotoxicity.
Materials and methods

Nanoparticles and reagents
AgNPs manufactured by nanoComposix (San Diego, CA) were supplied by the National Institute of Environmental Health Sciences Centers for Nanotechnology Health Implications Research (NCNHIR) consortium. Particles were provided as 20 nm citrate-or PVPstabilized aqueous 1 mg/ml dispersions (BioPure™). Citrate-coated AgNPs were in 2 mM sodium citrate (pH 7.0) and PVP-coated AgNPs were in water. Ag acetate (AgOAc) and sodium citrate were purchased from Sigma-Aldrich (St. Louis, MO). Chemicals used for the preparation of artificial gastrointestinal juices were obtained from Sigma-Aldrich.
AgNP Characterization
Physicochemical characterization of AgNPs was performed by the manufacturer (nanoComposix) and by the Nanotechnology Characterization Laboratory at the National Cancer Institute. AgNPs were also characterized in-house with dynamic light scattering (DLS) and UV-visible (UV-vis) spectroscopy prior to use. DLS was performed on samples diluted 1:100 in deionized water with a Zetasizer Nanoseries (Malvern Instruments, Westborough, MA) to characterize AgNP size distribution. UV-visible spectroscopy was performed on samples diluted 1:30 in deionized water with a NanoDrop1000 Spectrophotometer v3.8 (Thermo Fisher Scientific, Franklin, MA) to monitor AgNP colloidal stability.
Mice and treatments
C57BL/6J p un /p un mice (Jackson Laboratory, Bar Harbor, ME), congenic to C57BL/6J strain, were housed in the virus-free animal facility at the University at Albany Cancer Research Center under standard conditions. All procedures were approved by the institutional animal use and care committee. Seven to 10 week-old mice in equal proportions of males and females were used. There were 3 treatments that were performed at 3 different times: 1) citrate-coated AgNPs and vehicle control (2 mM sodium citrate), 2) PVP-coated AgNPs and vehicle control (water) and 3) AgOAc and vehicle control (water). There were a total of 6 groups with 10 mice each. Test agents were administered by oral gavage daily for 7 consecutive days. Dosing was performed between noon and 2 PM. AgNPs were administered at a daily dose of 4 mg/kg of body weight (i.e. 100 μl of 1 mg/ml AgNPs per 25 mg mouse). Since the actual amounts of Ag + released from AgNPs (in consumer products, in gastrointestinal lumen or intracellularly) are unknown, mice were treated with AgOAc using a dose that is equivalent to Ag content in 4 mg/kg of AgNPs (i.e. 6 mg/kg or 100 μl of 1.5 mg/ml AgOAc per 25 mg mouse). At this concentration AgOAc results in complete dissolution to ions (solubility in water is 10 mg/ml). After treatment termination, peripheral blood was sampled on days 1, 7 and 14 post-treatment (day 1 represents 24 h after the last dose) and used immediately for analyses. Blood was drawn via sub-mandibular bleeding using a 5 mm lancet (Braintree Scientific, Braintree, MA) into EDTA coated microtubes (Braintree Scientific).
Immunofluorescence of γ-H2AX
Phosphorylated histone H2AX (γ-H2AX) foci were measured as a marker of DNA double strand breaks (DSBs). The assay was performed as in our previous study (Kovvuru et al., 2015) . Briefly, 50 μl of peripheral blood was incubated with 10× (v/v) erythrocyte lysis buffer (8.5 g/L ammonium chloride in 0.01 M Tris-HCl buffer, pH 7.5) to eliminate red blood cells. The remaining cells were collected by centrifugation, suspended in 100 μl of phosphate buffered saline (PBS) and pipetted onto poly-D-lysine coated coverslips to allow cell attachment to the coverslips. Cells were then fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton-X 100 and washed with PBS. After blocking, cells were incubated with mouse anti-phospho-Histone2AX (Ser139) antibody clone JBW301 (EMD Millipore, Billerica, MA, Catalog #05-636) at a 1:400 dilution followed by incubation with fluorescein (FITC)-conjugated anti-mouse immunoglobulin G (IgG) secondary antibody (Jackson Immunochemicals, West Grove, PA, Catalog #115-095-008) at a 1:200 dilution. Coverslips were mounted on microscopic slides with 7 μl of 4′,6-diamidino-2-phenylindole (DAPI)/Vectashield solution (Vector Laboratories, Burlingame, CA) to counterstain nuclei. Slides were visualized under a 100X objective on a Nikon Eclipse TS100 microscope. A minimum of 100 cells were analyzed in a blinded fashion and cells with more than 4 distinct foci in the nucleus were considered positive for γ-H2AX foci formation.
Immunofluorescence of 8-oxoG
7,8-dihydro-8-oxoguanine (8-oxoG) was measured as a marker of oxidative DNA damage. Fifty til of peripheral blood was incubated with 10× erythrocyte lysis buffer to lyse red blood cells. The remaining cells were centrifuged, suspended in 100 μl of PBS and pipetted onto poly-D-lysine coated coverslips. Cells were fixed, permeabilized, washed and blocked in a same fashion as for the γ-H2AX staining with the exception that different primary antibodies were used. Mouse anti-8-oxoG antibody clone 438.15 (EMD Millipore # MAB3560) at a dilution of 1:500 was used. Slides were examined in a blinded fashion using a 100X objective on a Nikon Eclipse TS100 microscope. A minimum of 100 cells were analyzed and nuclei that were clearly observable under FITC filter and had their presence confirmed under DAPI filter were considered positive for 8-oxoG damage.
Micronucleus assay
Micronuclei were measured as a marker of chromosomal damage, which includes chromosomal breaks and aneuploid changes. Three μl of peripheral blood was smeared onto microscopic glass slides and stained with Giemsa (Sigma-Aldrich). Micronuclei were examined under a 100X objective on a Nikon Eclipse TS100 microscope. At least 2000 erythrocytes were scored in a blinded fashion and the frequency of micronuclei was calculated as the number of micronucleated erythrocytes per 2000 erythrocytes.
Characterization of AgNPs in gastrointestinal juices
An in vitro gastrointestinal digestion model (the "fed" model variant) mimicking AgNP transformation in saliva, stomach and intestines was used (Brandon et al., 2006; Versantvoort et al., 2005) . The model takes into consideration salt and protein composition, pH differences and transit times in different gastrointestinal compartments. Gastrointestinal digestive juices were prepared and AgNPs were incubated, essentially as described in Walczak et al (Walczak et al., 2013) . Constituents and concentrations of gastrointestinal digestive juices are listed in Table 1 . AgNP samples were characterized with UV-vis spectroscopy and DLS at each step of the digestion. There were 3 steps of digestion: saliva, gastric and intestinal digestion. Volumes of digestive juices were calculated to achieve a final AgNP concentration of 29 μg/ml. To determine the effect of saliva, 24 μl of AgNPs with a concentration of 1 mg/ml was mixed with 200 μl of water, then 600 μl of saliva (pH 6.8) was added and the mixture was incubated for 5 min at 37°C. To determine the effect of subsequent gastric digestion, 30 μl of AgNPs with a concentration of 1 mg/ml was mixed with 100 μl of water, then 300 μl of saliva (pH 6.8) was added and incubated for 5 min at 37°C, followed by the addition of 600 μl of gastric juice (pH 1.3). This resulting mixture was incubated for 1 h at 37°C. To determine the effect of intestinal digestion, 30 μl of AgNPs with a concentration of 1 mg/ml was mixed with 62 μl of water, 188 μl of saliva (pH 6.8) and incubated for 5 min at 37°C, then 375 μl of gastric juice (pH 1.3) was added and incubated for 1 h at 370C, and finally 375 μl of intestinal juice (pH 8.1) was added, followed by an additional 2 h incubation at 37°C. Samples were mixed by inversion every 15 min.
Statistical analysis
Data was analyzed by two-way analysis of variance (ANOVA) followed by Tukey post-hoc test using Statistical Analysis Systems (SAS) studio software with treatment and time postexposure as the two variables. Since background levels in immunofluorescent assays (γ-H2AX and 8-oxoG assays) vary significantly from experiment to experiment, comparisons between different treatment groups were made after corrections in the background levels. Pvalues less than 0.05 were considered statistically significant. The error bars represent standard error of the mean.
Results
AgNP characterization
The AgNPs were supplied by the NCNHIR consortium and their physicochemical properties were extensively characterized (Wang et al., 2014) . We performed UV-vis spectroscopy and DLS analyses to characterize AgNPs prior to administration in animals. UV-vis spectroscopy measurements showed that AgNP dispersions in deionized water had Surface Plasmon Resonance (SPR) peaks at 400 nm, characteristic of AgNPs with an approximate size of 20 nm (NanoComposix, 2016) (Fig. 1A, B) . DLS measurements showed that hydrodynamic diameter of AgNPs was 28 ± 0.2 nm for citrate-coated AgNPs and 32 ± 0.7 nm for PVP-coated AgNPs (Fig. 1C, D) . The polydispersity index, a measure of the variance in mean hydrodynamic diameter measurements, was 0.15 ± 0.01 for citrate-coated AgNPs and 0.2 ± 0.01 for PVP-coated AgNPs. These analyses indicated AgNPs of the expected size and a narrow size distribution, consistent with other studies using the same AgNPs (Anderson et al., 2015; Wang et al., 2014) .
Effect of ingested AgNPs and Ag + on oxidative DNA damage
Oxidative DNA damage was determined by measuring 8-oxoG levels. 8-oxoG is a promutagenic lesion that can result in C:G to A:T transversion mutations, which are one of the most common somatic mutations in human cancers (Greenman et al., 2007; Hirano, 2008) . The levels of 8-oxoG were determined in peripheral blood leukocytes of mice exposed orally to citrate-coated AgNPs, PVP-coated AgNPs or AgOAC. Mice were treated with one kind of AgNPs (or AgOAc) and respective vehicle at a given time and samples were analyzed immediately after blood collection. We found that intake of citrate-coated AgNPs resulted in significantly increased 8-oxoG levels at day 1 post-exposure and 8-oxoG levels were significantly elevated at 7 and 14 days post-exposure ( Fig. 2A) . The magnitude of DNA damage was similar (not statically significant) at 1, 7 and 14 days post-exposure. Since 8-oxoG is repaired within a short period of time (Ohno et al., 2009) , the presence of elevated 8-oxoG at 7 and 14 days after exposure termination implies that citrate-coated AgNPs persist in the body. In contrast, PVP-coated AgNPs did not increase the levels of 8-oxoG beyond background levels (Fig. 2B ). Because recent in vitro studies reported that genotoxicity of AgNPs is comparable to that of soluble Ag salts, suggesting that Ag + is genotoxic (Butler et al., 2015; Guo et al., 2016) , we determined 8-oxoG levels in mice exposed to AgOAc. The levels of 8-oxoG were unaltered in AgOAc treated mice compared to their respective controls at 1, 7 and 14 days post-exposure (Fig. 2C ). Statistical data analyses of different treatment groups showed a significant difference between citrate-coated AgNPs and PVP-coated AgNPs as well as between citrate-coated AgNPs and AgOAc. There were no statistically significant differences between PVP-coated AgNP and AgOAc treatments. These data show that the capability of AgNPs to induce oxidative DNA damage is modulated by surface coating and that Ag + are not genotoxic after oral exposure.
Effect of ingested AgNPs and Ag + on DNA double strand breaks
DSBs are highly recombinogenic lesions that can result in large-scale genome rearrangements including chromosomal deletions, duplications and translocations that may affect multiple genes (Helleday et al., 2007; van Gent et al., 2001) . γ-H2AX foci formation occurs rapidly after DSB induction, serving as a sensitive marker of DSBs (Rogakou et al., 1999) . We analyzed γ-H2AX foci in peripheral blood leukocytes of mice treated with citrate-coated AgNPs, PVP-coated AgNPs or AgOAC and compared the γ-H2AX foci levels to their respective vehicle controls. We found that ingestion of citrate-coated AgNPs resulted in increased levels of γ-H2AX foci and that γ-H2AX foci remained similarly elevated for at least 14 days post-exposure (Fig. 3A) . In comparison, neither PVP-AgNPs nor AgOAc increased γ-H2AX foci formation after exposure termination (24 h after last dose) or within a 2-week follow-up period (Fig. 3B, C) . The levels of γ-H2AX foci were significantly higher in mice treated with citrate-coated AgNPs compared to mice treated with PVP-coated AgNPs or AgOAC. There were no significant differences between treatments with PVPcoated AgNPs and AgOAC. Thus, oral exposure to AgNPs but not Ag + results in DSB formation in peripheral blood. Citrate coating is an important determinant of the DSB induction by AgNPs.
Effect of ingested AgNPs and Ag + on micronucleus formation
Micronuclei are the result of irreversible chromosomal damage including chromosome breaks and mitotic spindle abnormalities that occur in dividing erythroblasts in the bone marrow. In mice, micronuclei can be scored in peripheral blood since damaged erythroblasts complete division and maturation in the bone marrow and subsequently enter the systemic circulation (Hayashi et al., 2000) . We analyzed micronuclei in peripheral blood erythrocytes of mice treated with citrate-coated AgNPs, PVP-coated AgNPs, AgOAC or their respective vehicles. Ingestion of citrate-coated AgNPs resulted in significantly increased numbers of micronucleated cells at 1, 7 and 14 days post-exposure and the magnitude of chromosomal damage was similar at all time points measured (Fig. 4A) . In contrast, exposure to PVPcoated AgNPs did not increase the frequency of micronucleated cells (Fig. 4B) . Likewise, exposure to AgOAC did not induce micronucleus formation (Fig. 4C) . The frequency of micronuclei was significantly higher in mice treated with citrate-coated AgNPs than in mice treated with PVP-coated AgNPs or in mice treated with AgOAC. No difference was observed between PVP-coated AgNP and AgOAC treatments. Thus, only citrate-coated AgNPs induced chromosomal damage in dividing erythroblasts. These data are in agreement with genotoxicity data shown above and support our conclusion that citrate coating is an important determinant AgNP-induced genotoxicity after oral route of exposure.
AgNP behavior in gastrointestinal juices
To determine whether differential genotoxicity of citrate-coated AgNPs and PVP-coated AgNPs can be explained by different changes in the gastrointestinal tract, we examined AgNP behavior and fate in an in vitro gastrointestinal digestion model using UV-vis spectroscopy and DLS.
Measuring absorbance of AgNP dispersions within 300 -800 nm UV-vis spectra can be used to monitor AgNP stability and predict agglomeration in different media (Mwilu et al., 2013) . AgNPs with an approximate size of 20 nm dispersed in water display the SPR peak at 400 nm (NanoComposix, 2016). Both citrate-coated AgNPs and PVP-coated AgNPs dispersed in deionized water exhibited the SPR peaks at 400 nm, indicating that AgNPs were about 20 nm (Fig. 5) . The absorbance spectra did not change for at least 3 h, which indicates that AgNPs are stable in water (data not shown). However, the absorbance spectra changed markedly after incubation in digestive juices (Table 2 and Fig. 5 ). The effect was more pronounced for citrate-coated AgNPs. For example, in digestive juices without proteins, the SPR peak for citrate-coated AgNPs sharply decreased after incubation in saliva, disappeared after subsequent incubation in gastric juice and no further changes were induced by intestinal juices (Fig. 5A ). In contrast, only a small gradual decrease in the SRP peak was observed for PVP-coated AgNPs after each step of the digestion (Fig. 5B) . A sharp decrease in the SPR peak for citrate-coated AgNPs suggested that AgNPs agglomerated to clusters larger than 100 nm, while PVP-coated AgNPs were relatively stable (X. . In digestive juices with proteins, AgNP transformation was somewhat different than in digestive juices without proteins. Although citrate-coated AgNPs exhibited a similar loss in the SRP peak after incubation in saliva and gastric juice, the SPR peak at 400 nm reemerged after subsequent incubation in intestinal juice (Fig. 5C ). Compared to citrate-coated AgNPs, PVP-coated AgNPs exhibited only a small change in saliva (Fig. 5D ). However, the SPR peak decreased and shifted to a larger wave length region after incubation in gastric juice ( Fig. 5D ) and, similarly to citrate-coated AgNPs, the SPR peak reemerged after incubation in intestinal juice (Fig. 5D ). These data suggested that both kinds of AgNPs agglomerate in gastric juices followed by a partial reversal in intestinal juices. This reversal was only observed in the presence of proteins, indicating that intestinal proteins play a role in this process. We also examined whether AgOAc digestion results in the appearance of the SPR peak at about 400 nm, given the reported formation of 20 -30 nm AgNPs from intestinal digestion of Ag nitrate (Walczak et al., 2013) . However, no SPR peaks were observed within 300 -800 nm UV-vis spectra after AgOAc incubation in digestive juices, suggesting the lack of AgNP formation from AgOAc (data not shown).
To verify the observed changes, we analyzed AgNP size distributions by DLS, which measures hydrodynamic diameter including particle core, coating agents and layers of solvent molecules associated with the individual particle or particle agglomerates (Mwilu et al., 2013) . DLS analyses were performed in digestive juices with proteins, as these conditions better mimic the environment of gastrointestinal tract. Both kinds of AgNPs dispersed in water showed mono-modal narrow size range distributions. An average hydrodynamic diameter in water was 28 nm for citrate-coated AgNPs (Fig. 6A ) and 31 nm for PVP-coated AgNPs (Fig. 6E) . After incubation in saliva, a small population of citratecoated AgNPs (11% of total DLS intensity) was about 20 nm (their original size), while the remaining nanoparticles were about 70 nm, suggesting protein corona formation and/or slight agglomeration (Fig. 6B) . Unlike citrate-coated AgNPs, PVP-coated AgNPs showed only a very small increase in saliva (from 31 nm to 36 nm), although a small peak at ∼200 nm indicates that some AgNPs agglomerated (Fig. 6F) . Both kinds of AgNPs showed extensive agglomeration in gastric juice, but the average diameter of citrate-coated AgNPs was 4-times lower than the average diameter of PVP-coated AgNPs (433 nm versus 1753 nm) (Fig. 6C, 6G ). After incubation in intestinal juice, AgNPs segregated into two populations, a small population at the nanoscale range and a large population at a higher size range (Fig. 6D, 6H) . The average particle size of the small population was 120 nm for citrate-coated AgNPs and 50 nm for PVP-coated AgNPs. The size of the large population was about 1000 nm for citrate-coated AgNPs and 400 nm for PVP-coated AgNPs. In summary, in digestive juices supplemented with proteins, citrate-coated AgNPs were less susceptible to agglomeration in gastric juice but more susceptible to agglomeration in intestinal juice than PVP-coated AgNPs. Some of the agglomerates that formed in gastric juice disintegrated in intestinal juice, in agreement with UV-vis spectroscopy measurements.
Discussion
Studies that examined genotoxic potential of AgNPs in vivo in rodents yielded mixed results as to whether AgNPs are genotoxic when inhaled, ingested or following intravenous injection (Dobrzynska et al., 2014 ; J. S. Kim et al., 2011; Y. S. Kim et al., 2008; Kovvuru et al., 2015; Y. Li et al., 2014; Patlolla et al., 2015) . These studies however did not directly address the effect of physicochemical properties of AgNPs. In the current study, we show that surface coating is an important determinant of AgNP-induced genotoxicity.
In particular, we demonstrate that citrate-coated AgNPs induced oxidative DNA damage, DSBs and chromosomal damage after oral exposure. In contrast, PVP-coated AgNPs were not genotoxic at the same dose. In addition, citrate-coated AgNP-induced genome lesions remained elevated during a 2-week follow up period. Oxidative DNA damage and DSBs are transient DNA lesions that are repaired rapidly or, alternatively, result in permanent rearrangements or cell death. Therefore, increased oxidative DNA damage and DSBs at 7 and 14 days post-exposure suggest that citrate-coated AgNPs persist in the body and cause DNA damage even after exposure cessation.
The possible mechanisms of AgNP-induced genotoxicity have been discussed in the literature and include oxidative stress resulting from mitochondrial damage, glutathione depletion and activation of immune cells or from direct damage to chromosomal DNA during cell division (Butler et al., 2015; McShan et al., 2014; Volker et al., 2013) . In addition, in vivo studies conducted by us and in vitro studies performed by other investigators showed that AgNPs downregulate DNA repair genes involved in the repair of oxidative DNA damage (Chatterjee et al., 2014; Kovvuru et al., 2015; Piao et al., 2011) . Thus, induction of oxidative stress-mediated or direct damage to DNA and aberrant expression of relevant DNA repair genes are possible mechanisms of genotoxicity of AgNPs.
However, the role of surface coatings is unclear. Few studies have compared genotoxic effects of AgNPs coated with citrate or PVP, and none of them were performed in vivo in rodent animals. In vitro studies have showed that citrate-coated AgNPs were more genotoxic than PVP-coated AgNPs in a micronucleus assay and/or mouse lymphoma assay (Guo et al., 2016; Vecchio et al., 2014) . Given these findings in cultured cells and our current observations in a mouse model, it is likely that AgNPs, which are electrostatically stabilized by small molecules such as citrate, pose higher genotoxic risk compared to AgNPs stabilized by polymers providing steric hindrance such as PVP. The reasons for coating-dependent genotoxicity of AgNPs are currently unknown, but differences in AgNP uptake and retention in tissues and gastrointestinal transformation could be possible explanations for this phenomenon.
There was no observed difference in the uptake or intracellular localization of AgNPs coated with citrate or PVP in BEAS 2B cells, despite different agglomeration patterns in cell culture medium (Gliga et al., 2014) . Likewise, Ag levels were not significantly different in the lungs of rats at 1 day after intratracheal instillation of citrate-and PVP-coated AgNPs (Anderson et al., 2015) . However, Ag levels at 21 days post-exposure were 3-fold higher in rats exposed to citrate-coated AgNPs than PVP-coated AgNPs (Anderson et al., 2015) . This observation suggested that citrate-coated AgNPs persist in the lung longer than PVP-coated AgNPs. Other studies did not address the effect of different coatings, but measured Ag tissue retention in animals exposed to bare AgNPs or both bare AgNPs and PVP-coated AgNPs. A study that examined a time-dependent tissue distribution of bare AgNPs injected intravenously reported high Ag levels in all examined organs (liver, spleen, kidneys, lung and brain) after 28 days of exposure (Dziendzikowska et al., 2012) . Also, higher Ag levels were found in kidney and spleen of rats exposed orally to bare AgNPs than PVP-coated AgNPs at 1, 7 and 55 days post-exposure (van der Zande et al., 2012) . These studies suggested that bare AgNPs or citrate-coated AgNPs can result in higher tissue accumulation and longer retention than PVP-coated AgNPs.
We observed that citrate-and PVP-coated AgNPs undergo different transformation in gastrointestinal juices. In the absence of proteins, citrate-coated AgNPs agglomerated extensively in saliva, gastric and intestinal juices, relative to PVP-coated AgNPs. High ionic strength in all digestive juices and low pH in gastric juice is responsible for agglomeration of citrate-coated AgNPs (El Rogers et al., 2012) . However, in the presence of proteins, both kinds of AgNPs agglomerated in gastric and intestinal juices. It is interesting that some agglomerates that formed in gastric juice partially reversed in intestinal juice. Proteins were essential for this reversal because it did not occur without proteins. This observation and findings by Walczak et al provide evidence that under physiological conditions agglomerates that are formed in the stomach can be partially reversed to nanoscale particles in the intestine (Walczak et al., 2013) . Nanoscale particles however comprised only a small population, whereas the majority of AgNPs were larger than 400 nm. Given that oral bioavailability of AgNPs is low (1 -4%) and that larger than 300 nm AgNPs are not absorbed through gastrointestinal tract, it is possible than only this small population of AgNPs is bioavailable to organs and tissues (Park et al., 2010; Park et al., 2011) . The average particle size of this population was 120 nm for citrate-coated AgNPs and 50 nm for PVP-coated AgNPs. This difference in hydrodynamic diameter may be due to differences in protein corona formation or agglomeration in digestive juices. Citrate-coated AgNPs have a higher affinity to proteins than PVP-coated AgNPs, suggesting they could absorb more proteins on their surface (Ahlberg et al., 2014) . However, the amount of protein (serum albumin) absorbed on AgNPs was similar in citrate-and PVP-coated AgNPs (Pang et al., 2016) . In addition, protein corona composition was similar for citrate-and PVP-coated AgNPs after AgNP incubation in cell culture medium supplemented with fetal bovine serum (Shannahan et al., 2013) . It is therefore unlikely that citrate-and PVP-coated AgNPs obtain a different protein corona in physiological environments. A difference in AgNP size is probably due to differences in agglomeration. Larger size AgNPs and agglomerates may be retained in the body longer than smaller AgNPs. Thus, genotoxic effects of citrate-coated AgNPs that we observed for at least two weeks after exposure termination may be associated with their longer retention in tissues.
It has been debated whether biological effects of AgNPs are mediated by particulate form or released Ag + (McShan et al., 2014; Volker et al., 2013) . Ag + are bioactive due to their ability to complex protein thiol groups, interfere with Na + /Cl -transport and contribute to generation of reactive oxygen species (Wang et al., 2014) . Ag + release from AgNPs can occur in different environments. For example, Ag + can be released in food or beverage from food and drink containers, in gastrointestinal lumen during AgNP transit through gastrointestinal tract, in blood after gastrointestinal absorption and in sub-cellular compartments after AgNP uptake in tissues. To discriminate between the effects of particulate and ionic forms of AgNPs, research studies often include soluble Ag salts as Ag + control. In the current study, we examined the effect of Ag + and failed to observe DNA and chromosomal damage. Thus, our study results suggest that Ag + are non-genotoxic. This is in contrast to recent in vitro studies reporting that Ag + (soluble Ag salts) are mutagenic in cultured cells as shown by mouse lymphoma and micronucleus assays (Butler et al., 2015; Guo et al., 2016) . The capability of Ag salts to induce genotoxic effects in cultured cells has often been interpreted as Ag + being responsible for genotoxicity of AgNPs (a 'Trojan horse' effect). Our observation that Ag + are not genotoxic after oral ingestion can be explained that, in high salt and acidic environment within the gastrointestinal tract, Ag + transform into insoluble salts (AgCl), resulting in the loss of Ag + activity. After absorption from gastrointestinal tract into blood and tissues, AgNPs may release Ag + intracellularly and act by a 'Trojan horse' mechanism. However complexation of Ag + with intracellular thiols and association with anions, such as Cl -, PO 4 3-S 2-and SO 4 2-, and formation of Ag precipitates would strongly reduce bioavailability of Ag + . Moreover, intracellular Ag + release in AgNP exposed cells is unknown. This is perhaps due to the lack of analytic techniques that can distinguish Ag + from other Ag species in complex and compartmentalized environments such as live cells. To mimic intracellular Ag + release AgNPs were mixed with cell culture media or other solutions and Ag levels were measured after removal of AgNPs. AgNPs shed relatively low levels of Ag + in cell culture media. For example, 20 nm AgNPs regardless of coating released about 4% of Ag + into BEGM medium, and larger AgNPs shed lesser amounts of Ag + (Wang et al., 2014) . Release of Ag + from 5 nm PVP-coated AgNPs into RPMI medium was even lower (0.5%) (Y. Li et al., 2016) . Ag + were neither cytotoxic nor genotoxic at this concentration (Y. Li et al., 2016) . These studies suggested that the contribution of Ag + to genotoxicity of AgNPs is only minimal. Thus, a particulate form of AgNPs seems to be a major contributor of genotoxic effects of AgNPs.
Conclusions
This study demonstrated that genotoxicity of orally ingested AgNPs depends on the nanoparticle surface coating material. Ingestion of citrate-coated AgNPs in mice resulted in genotoxic effects (8-oxoG, DSBs and micronuclei) in the systemic circulation and bone marrow, while PVP-coated AgNPs were not genotoxic at the same dose used. In addition, citrate-coated AgNP-induced 8-oxoG and DSBs remained elevated for at least two weeks following exposure termination. Given that this kind of DNA damage can be repaired within short periods of time, their persistence post-exposure suggests that citrate-coated AgNPs persist in the body. This study also shows that Ag + did not induce systemic or bone marrow genotoxicity following oral exposure. Therefore, AgNPs are the likely cause of genotoxic effects in vivo. Citrate-coated AgNPs were more susceptible to agglomeration than PVPcoated AgNPs in digestive juices and were more genotoxic in tissues. Despite extensive agglomeration in gastric juice, a proportion of AgNPs reverted to nanoparticles following incubation in intestinal juice. This reversal occurred only in juices supplemented with proteins, but not in juices without proteins. Thus, under physiological conditions, both nanoscale and larger particles seem to arrive at the intestine. Our findings that citrate-coated AgNPs produced genotoxic effects after short-term exposure warrant further investigations. Since genotoxicity is a precursor for carcinogenicity, studies focusing on cancer are recommended. % of SPR peak at 400 nm relative to control is shown. The SRP peak in control is set to be 100. Means of two independent determinations are shown.
8-oxoG
